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Fuel Economy
The 36-month average fuel economy for the hybrid vans is 13.0 mpg, 23% greater than the diesel van group's 10.6 mpg. This is less than the nearly 29% reported after the first year and 31% to 37% shown during laboratory fuel economy testing. The diesels seemed to slightly improve their fuel economy over time while the hybrids did not. Figure ES -1 shows the average monthly miles per gallon for each van group and the cumulative average miles per gallon. 
Maintenance Costs
The total maintenance cost per mile of $0.141 for the hybrid vans was 9% more than the $0.130 for the diesel vans. The propulsion-related maintenance cost per mile of $0.037 for the hybrid vans was 25% more than the $0.029 for the diesel vans. Using a t-test, researchers found neither difference to be statistically significant.
Fuel Costs
Fuel costs per mile for the hybrids were 19% less than those for the diesels and were found to be statistically significant (assuming $3.09/gal) (P value = 0.0048).
Operating Costs
Total operating costs per mile for the hybrids were 10% less than those for the diesels but were not found to be statistically significant (assuming $3.09/gal).
Reliability
The hybrid group had a cumulative average of 96.3% uptime over the 36-month study period, less than the diesel group's cumulative average of 99.0% uptime. The hybrids experienced troubleshooting and recalibration issues related to prototype components, which were primarily responsible for the lower uptime figures. The FT&E team has conducted several evaluations of advanced-propulsion heavy-duty vehicles (see Table 1 ). Information on these and other evaluations involving advanced technologies or alternative fuels, such as biodiesel and Fischer-Tropsch diesel, is available at www.nrel.gov/vehiclesandfuels/fleettest. Table 2 presents additional details on Eaton Corporation's parallel hybrid system, and Figure 2 provides a schematic of the system. UPS has custom delivery vans built to the company's specifications. The P70 vehicles in this study are manufactured by Freightliner for UPS. Table 3 provides brief descriptions of the vehicle systems. 
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Host Site Profile-UPS, Phoenix, Arizona
The host site consisted of the two UPS Arizona facilities-Phoenix and Estrella. Estrella is an expansion facility located about five miles west of the main Phoenix facility. It became necessary as the Phoenix facility outgrew its footprint. Figure 5 shows the locations of the two facilities in the greater Phoenix area. The vehicles used for this evaluation are six hybrids from the Phoenix facility and six standard diesels from the Estrella facility. It was not necessary to modify the Phoenix facility in any way to implement the hybrid vehicles into the fleet. Drivers were given training on the operation of the hybrids, but no restrictions or special accommodations were made for their use; however, UPS did assign them to urban routes rather than rural routes to make the best use of the hybrid drive train. Dispatch and maintenance practices are the same at both facilities.
To assess fuel usage in these two groups of vehicles at the two locations, fueling records from driver logs were utilized at both facilities. In both groups the drivers need to log their fueling events on their electronic tablets, and the records are uploaded to a central database. In some instances, failure to log a fueling event led to some months from each study group being left out of fuel economy calculations due to inaccurate fueling data and is discussed below. Figure 6 shows the average monthly miles driven per van for each van group with ±95% confidence interval lines. An accident involving one hybrid van affected mileage accumulation during August and September 2008, and this van's data have been removed from the figure and subsequent calculations. The width of the 95% confidence interval gives some idea about how uncertain we are about the average of the population. Few points in a sample group or points spread apart decrease confidence and increase the width of the confidence interval. Many data points closely grouped will bring the confidence lines close to the sample average, indicating strong confidence about the population mean. Van average usage did not change significantly during the evaluation period; the hybrids consistently were driven fewer miles throughout this period because of their shorter, more urban routes. In October and November 2008, the hybrid group showed a dip in average usage and an increase in the 95% confidence interval due to Eaton calibration issues for three vans; as a result, these vehicles were not available for service for extended periods of time of two to three weeks each. Table 4 presents the average monthly mileage per van during the evaluation period for the two groups of vans. The hybrid vans monthly mileage accumulation rate is 18% less than that of the diesel vans (1,437 miles versus 1,761 miles). The majority of the difference is due to the routes they are assigned to; the miles per actual delivery day were 16% less for the hybrid group (71 miles per day versus 84 miles per day). The average monthly rate was also affected by downtime because four hybrid vehicles had a combined 7 months of operation during the first year due to extended downtime as described above. This downtime is responsible for the remainder of the lower monthly mileage not explained by the routes. Based on each individual vehicle's average miles per day and actual number of missed days, the diesel group missed 3,961 miles while the hybrid group missed 13,736 miles: the hybrids missed over 4% of their possible assigned miles due to downtime and the diesels only missed 1% of their possible assigned miles for that reason. Van Duty Cycle Global Positioning System (GPS) data loggers were installed in two vans from each study group to obtain detailed information on the type of driving they were assigned to and ensure a more accurate comparison. Data were collected for one week of operation, providing 10 days of "typical" operation for each vehicle group. The data are not representative of the entire UPS fleet but only of the P70 vehicles operating out of these two depots. These data were reanalyzed for this update. Figure 8 shows a GPS visualization of the routes of the four logged vans. The red and orange traces each show one day of the diesel vans operations out of the Estrella depot. The blue and purple traces each show one day of the hybrid vans operations out of the Phoenix depot. The exact routes vary daily, but the depictions are meant to show a typical of a day of operation for that van, as captured by the GPS loggers. Figure 9 shows the average time (as a percentage) that vans with GPS loggers spent at different vehicle speeds. The hybrids spent more time at zero speed and operating at slower speeds than the diesels did, and the diesels spent slightly more time operating at higher speeds.
Van Use
• The hybrid vans spent 15% of their time at zero speed, nearly twice the zero speed time spent by the diesels (8%).
• The hybrid vans spent 21% of their time in the 0 to 10 mph range, 15% more than the diesels did (18%).
• The hybrid vans spent 17% of their time in the 20-35 mph range, 29% less time than the diesels spent there (24%).
• The hybrids spent 7.4% of their time in the 50-65 mph range, twice as much as the diesels did (3.5%).
• The diesels spent significantly more time above 65 mph (4% vs. 1% for the hybrids). This was because the hybrids are speed-limited while the diesel vans are not.
The greater time spent by the hybrids at slower speeds could be an indication of a more urban duty cycle; or it could be an indication of slower accelerations, which lead to more time at those speeds. Both groups spent about 70% of their driving time (speed greater than zero) at speeds less than 35 mph, indicating that both groups were on city/residential delivery routes. Both groups spent about 8% of their driving time at speeds above 50 mph, indicating they had similar distances to travel from the depot to the delivery zone. Figure 10 shows the average distance (as a percentage) that vans with GPS loggers drove at different vehicle speeds. This distance-based chart highlights a different breakdown of the routes.
• The hybrid vans drove 6.8% of their miles in the 0 to 10 mph range, 32% more than the diesels did (5.2%).
• The hybrid and diesel vans both drove 24% of their miles in the 10-20 mph range.
• The hybrid vans drove 23% of their miles in the 20-35 mph range, 20% fewer miles than the diesels drove in that range (29%).
• The hybrids drove 23% of their miles in the 50-65 mph range, more than twice as much as the diesels did (10%).
• The diesels drove significantly more miles above 65 mph (13% vs. 3% for the hybrids). This was because the hybrids are speed-limited while the diesel vans are not. If the duty cycle is split into three speed zones representative of different types of roads, the vans had nearly the same percentages. The hybrids drove 54% of their miles at residential speeds (below 35 mph); the diesels drove 58% of their miles at those speeds. The hybrids and diesels both drove 19% of their miles at arterial speeds (35 mph to 50 mph). The hybrids drove 27% of their miles at highway speeds (above 50 mph); the diesels drove 23% of their miles at those speeds. The hybrids would offer more advantage with fewer highway miles, but the locations of the depots may limit those choices. Table 5 presents other duty-cycle statistics gathered from the GPS data logging.
• The hybrids' average driving speed of 21.9 mph was 4% lower than the diesels' 22.7 mph (zero speed time not included).
• The hybrids averaged roughly the same number of stops per day as the diesels (191 vs. 182 for the diesels).
• The hybrids had 2.64 stops per mile, 7% more than the diesels' 2.47.
• The hybrids had 17.4 acceleration events per mile, 21% more than the diesels' 14.4.
• The hybrids had 16.3 deceleration events per mile, 17% more than the diesels' 13.9. These statistics indicate that the hybrids were operating on very similar routes as the diesels. Major differences include significantly longer idle times and stop durations. Fuel Economy UPS fuels its hybrids and diesels with standard ultra-low-sulfur diesel, which has a sulfur content of less than 30 parts per million. Due to inconsistencies in fueling records that resulted in some unattainable monthly fuel economy results a statistical method known as Chauvenet's Criterion (Taylor, 1997) was used to identify van monthly mile-per-gallon (mpg) results that were statistical outliers. Chauvenet's Criterion is an iterative statistical method that either accepts or rejects statistical outliers found in experimental data based on the data set size, mean, and standard deviation. As part of employing Chauvenet's Criterion, the probability of the largest outlier in the data set is determined using the data set mean and standard deviation. If the probability of the observed outlier multiplied by the size of the data set results in a value less than 0.5, it is concluded that the statistical outlier observed as part of the data set can be rejected based on the limited probability of this outlier occurring as part of the data set. If the outlier is rejected, the data set mean and standard deviation are recalculated without the rejected data point, and the probability for the largest remaining outlier is determined. This process is repeated until no further outliers are rejected. From the 192 months of recorded fuel economy data on each vehicle group, this method removed 18 vehicle months from the diesel van group and 8 vehicle months from the hybrid van group that were statistically not possible to occur for that particular vehicle based on the complete 32-month data set. In addition to employing Chauvenet's Criterion to remove statistically impossible data points, a 95% confidence interval analysis was performed on the remaining outliers to remove an additional six vehicle months from the diesel group and nine vehicle months from the hybrid group. The 95% confidence interval was chosen in an effort to ensure the removal of data that had a very low likelihood of occurring during normal operation. Performing a visual inspection of the data upon the conclusion of this process revealed that most of the data points removed by this approach were obvious data artifacts that were impossible for the vehicles to attain. However, using a consistent statistical approach assures the grey areas for each vehicle were treated in the same manner.
The 24 diesel-group vehicle months of fuel economy data and 17 hybrid-group vehicle months of fuel economy data have been removed from the total of 192 vehicle months of fuel economy results presented in this report. This is in addition to four months at the beginning of 2009 for which no fuel economy data is available for any of the vehicles. As such, miles used for the calculation of fuel economy are different from those reported in other sections of the report. Table 6 shows the fuel consumption and economy data for each van in each study group. The hybrid vans consumed 19,148 gallons of fuel over 249,449 miles for the 32-month period, resulting in an average fuel economy for the hybrid vans of 13.0 mpg, which was 23.1% greater than that of the diesel van group's 10.6 mpg (P value = 0.0009). Figure 11 shows the monthly miles per gallon for each van group and cumulative miles per gallon for each van group. In this figure, the group is considered as a whole, and monthly miles per gallon are calculated by considering the sum of the miles and sum of the gallons for the group each month. This figure weights all vehicle miles equally and relates directly to the fleet's actual fuel consumption. With a small sample size, one outlier can offset the average significantly. The width of the 95% confidence interval gives some idea about how uncertain we are about the average. By considering each vehicle as an individual and calculating a 95% confidence interval, it is possible to understand the consistency of the population's fuel economy and gain a better understanding of how a larger population of vehicles would behave. In May of 2009, four of the six diesels were removed (for that monthly only) as statistical outliers and, as a result, the remaining two data points have a very large 95% confidence interval.
For laboratory fuel economy and emissions results on similar vans, please see the original 12-month report on this study at http://www.nrel.gov/docs/fy10osti/44134.pdf 
Maintenance Cost Analysis
This evaluation focuses on van operations spanning 36 of the first 42 months of operation for the hybrid vans. This snapshot does not yield enough operating cost data to provide a complete understanding of the full life-cycle cost of the hybrid vans, however. Understanding costs requires an examination of the purchase cost of the vans plus warranty and operation costs. Longer term maintenance activities, such as engine rebuilds or replacements and battery replacements, also must be considered. Finally, it is critical that areas in which cost savings can be achieved (e.g., in brake repair) be examined. The intent of this evaluation, however, is to capture accurate, known operations costs associated with the hybrid and diesel vehicles for the selected period. This analysis is not predictive of maintenance costs assumed by UPS beyond the warranty period. The exact components and warranty periods as negotiated by UPS, Eaton, and Freightliner are contractual and confidential.
The hybrid and diesel vans all are still new enough that much of the maintenance is completed under warranty. All maintenance for the Eaton hybrid drive was done by Eaton mechanics. These maintenance costs are not included in the maintenance-cost analysis in this section. Not accounting for warranty repairs in the evaluation of total maintenance cost does offer an incomplete picture of total maintenance cost. Even without warranty costs, however, this analysis reflects the actual cost to UPS during the period selected.
Maintenance costs were collected in the same manner for each study group. All work orders and parts information available were collected for the study vans. The maintenance practices are the same for both diesel and hybrid study groups. The maintenance analysis discussions include only the maintenance data that were gathered during the evaluation period on the study group vans. 
Maintenance Costs
This cost category includes the costs for parts and for labor at $50 per hour; it does not include warranty costs. All costs related to an accident on a hybrid vehicle have been removed from this section as they do not represent the vehicle and powertrain comparison of interest. Cost per mile is calculated as follows.
Cost per mile = ((labor hours * 50) + parts cost)/mileage.
The labor rate has been set artificially at a constant rate of $50 per hour; other analysts can change this rate to one more similar to their own situations. This rate does not directly reflect UPS's current hourly mechanic rate. Table 7 shows total and propulsion-related maintenance costs for the two study groups. The propulsion-related vehicle systems include the engine; transmission; electric propulsion; exhaust; fuel; and nonlighting electrical, which includes general electrical, charging, cranking, and ignition. The propulsion-related maintenance cost per mile of $0.037 for the hybrid vans was 25% more than the $0.029 for the diesel vans. The total maintenance cost per mile of $0.141 for the hybrid vans was 9% more than the $0.130 for the diesel vans. Compared to the original 12-month analysis the hybrids have maintained a fairly constant cost per mile while the diesels have become cheaper. Included in the "total" maintenance cost data are tire replacements, which are a large part of the vehicle operating costs and are responsible for spikes in monthly total maintenance costs. Cumulative tire expenses are almost on the same level as cumulative propulsion-related costs for either drive train ($0.024/mile to $0.026/mile). Figure 13 shows total monthly and cumulative maintenance costs for the two study groups. Tire costs are responsible for most of the spike in March 2008 ($0.08/mile) for the hybrid group. A group of tire changes during the month of September 2008 ($0.16/mile) is responsible for the spike during that month. Despite that spike; both study groups have similar tire replacement costs over the course of the three years ($8,142 for hybrids vs. $9,156 for diesels). The large hybrid group spike in November 2009 was caused by three vans having the brake "hydroboost" component replaced, one van receiving new tires, and one van having the clutch pack and vehicle battery replaced. The large diesel group spike in July 2010 was caused by four vans having tires replaced, and three of those vans replacing either the accelerator pedal, transmission harness or power steering pump and brake work. The October 2010 hybrid group spike is due to one vehicle receiving new tires and having ongoing transmission calibration/communication issues requiring troubleshooting. Many of these repairs cause vehicle downtime, which reduces mileage and makes the cost per mile impact seem larger than it would in straight cost. Also, many of the above component failures also explain the corresponding spikes in propulsion-related cost per mile (Figure 14) . Figure 14 shows monthly and cumulative propulsion-related maintenance costs for the two study groups. The hybrid spike during October and November 2008 is due to Eaton recalibration activities and is responsible for raising the hybrid cumulative propulsion-related maintenance cost per mile to parity with that of the diesel group. Three of the hybrid units were experiencing faults related to the calibration of a prototype parking pawl in use on these vans. While Eaton covered the costs for materials, UPS technicians spent time troubleshooting and working with Eaton, and these hours generated the spike in propulsion maintenance cost per mile. The two groups maintained parity for the next two years of this study, which explains the lack of a statistically significant difference between the groups. The large hybrid group spike in November 2009 was caused by one van having the clutch pack and vehicle battery replaced as well as the associated downtime, which lowered the miles driven. The large conventional group spike in July 2010 was caused primarily by one van having its transmission harness replaced and the missed miles from that and other vans repaired for non-propulsion items mentioned above also missing miles. The October 2010 hybrid group spike is due to one vehicle having ongoing transmission calibration/communication issues requiring troubleshooting and missing miles during this time. Figures 15 and 16 show a breakdown of total and propulsion-related maintenance costs per mile for the diesel and hybrid study groups, respectively. Note the similar percentage breakdowns for each category, which indicates that the hybrid drivetrain is not driving maintenance costs more than the conventional drivetrain. Also note that for both study groups, the complete propulsion system costs an amount similar to the tire-related costs for the group. Propulsion system and tirerelated costs were 22% and 19%, respectively, for the diesel group and were 25% and 19%, respectively, for the hybrid group. Table 8 shows a breakdown by individual van of the total cost per mile. The total maintenance cost per mile difference between the diesel and hybrid groups had no statistical significance (P value = 0.46), which means the vehicle to vehicle variation was so large that we cannot distinguish between the two study group even if there is a difference in the averages. Propulsion maintenance cost per mile also showed no statistically significant difference between the diesel and hybrid groups (P value = 0.33). Fuel cost per mile dominated the total cost per mile for both groups, and the fuel cost per mile was 19% less for the hybrid group (P value = 0.0048). Fuel prices dropped after 2008, which explains the lower fuel cost per mile savings and the lower total cost per mile savings after three years. As such, the total cost per mile was 10% less for the hybrid group but this difference was not statistically significant (P value = 0.1927). The 2008-2010 average price for diesel was $3.09/gallon, and this figure was used to calculate fuel cost per mile. Reliability UPS records instances in which a vehicle is not available to load in the morning as scheduled. Scheduled maintenance events of any kind do not get recorded in this way. During this 36-month evaluation, there were 759 operational days available for deliveries for a total of 4,554 days for each study group of six vans. Both groups had a comparable number of missed operational days during the first six months of the evaluation. In August 2008, one of the hybrid vehicles was involved in an accident, which caused it to miss 29 operational days during August and September. A combined 55 operational days were missed during October and November while Eaton was troubleshooting faults related to a prototype parking pawl on three of the hybrid units. The diesel study group missed a total of 45 operational days during the 36-month study period, while the hybrid group missed 169 operational days. The reasons mentioned above (excluding the accident) caused the hybrid group's cumulative percent uptime to drop dramatically at the end of the first 12 months, but continued hybrid-related downtime during the following two years has kept the figure in the 96% range. Figure 16 shows the monthly and cumulative uptime for each group as a percentage of the total available delivery days. The 29 days missed because of an accident are not included in Figure 17 or any calculations because that event was outside normal van and powertrain operations. 
Batteries
The Eaton system uses lithium ion batteries supplied by Hitachi for energy storage. They have a capacity of 1.8 kWh and operate at a nominal voltage of 340 VDC. These batteries were not available to NREL during the evaluation period for detailed evaluation. The batteries are included in the power electronics carrier (PEC) located on the passenger side of the chassis. Eaton's records indicate one PEC was replaced because of water intrusion during an atypical monsoon flood event. UPS records indicate preventive efforts to seal the PEC air filter on the hybrids; these costs are captured as part of the maintenance cost analysis under the "electrical" heading. No battery failure or a cell failure was reported by Eaton or UPS. The service life of the battery is estimated by Eaton at 7 years.
Status of UPS Hybrid Fleet
UPS was satisfied with the performance of the original 50 (prototype) hybrid electric vans over the first years of service. UPS has ordered and taken delivery of an additional 200 hybrids with additional features and updates in 2010 and an additional 135 in 2011. NREL is working on the first year evaluation of eleven of these newer hybrids in operation in Minneapolis, which is due out in mid 2012. 
Conclusions
• Monthly and cumulative miles per van for the hybrids were 18% lower than they were for the diesels. The primary driver (about 16%) for the difference was a more dense/urban delivery route assignment with shorter highway sections with fewer miles per delivery day on average. A secondary driver was downtime due to an accident and Eaton calibration issues causing extended downtime.
• Fuel economy of the hybrid group over these 3 years was 23.1% better than that of the diesel group. This is less than the nearly 29% reported after the first year and 31% to 37% shown during laboratory fuel economy testing. The diesels seemed to slightly improve their fuel economy over time while the hybrids did not. Still, a 23% increase of in-use fuel economy is a substantial benefit for the fleet. It should also be noted that the hybrids were operating on a more urban driving schedule than the conventionals (71 miles/day vs. 84 miles/day) and a larger improvement in mpg could be possible if hybrid and conventional vans were operated on the exact same routes.
• There still was no statistically significant difference between the diesel and hybrid groups for total maintenance cost per mile (P value = 0.46). Vehicle to vehicle variation was great and the difference in the cumulative numbers was small.
• There still was no statistically significant difference between the diesel and hybrid groups for propulsion maintenance cost per mile (P value = 0.33). Vehicle to vehicle variation was great and the difference in the cumulative numbers was small.
• There was a statistically significant 19% hybrid group advantage for fuel cost per mile (assuming $3.09/gal) (P value = 0.0048). Vehicle to vehicle variation was lower than with the maintenance metrics.
• Total operating costs per mile for the hybrids were 10% less than those for the diesels but were not found to be statistically significant. The average fuel costs per mile for each group were 60-70% of total costs per mile but maintenance cost variation was large enough to eliminate the statistical significance that the consistent fuel cost per mile savings the hybrids brought to the equation.
• The hybrid group had a cumulative average of 96.3% uptime over the 36-month study period, less than the diesel group's cumulative average of 99.0% uptime. The hybrids experienced troubleshooting and recalibration issues related to prototype components, which were primarily responsible for the lower uptime figures.
